Aim: To evaluate the effects of an Al 3+ -and Mg 2+ -containing antacid, ferrous sulfate, and calcium carbonate on the absorption of nemonoxacin in healthy humans. Methods: Two single-dose, open-label, randomized, crossover studies were conducted in 24 healthy male Chinese volunteers (12 per study). In Study 1, the subjects orally received nemonoxacin (500 mg) alone, or an antacid (containing 318 mg of Al 3+ and 496 mg of Mg 2+ ) plus nemonoxacin administered 2 h before, concomitantly or 4 h after the antacid. In Study 2, the subjects orally received nemonoxacin (500 mg) alone, or nemonoxacin concomitantly with ferrous sulfate (containing 60 mg of Fe 2+ ) or calcium carbonate (containing 600 mg of Ca 2+ ). Results: Concomitant administration of nemonoxacin with the antacid significantly decreased the area under the concentration-time curve from time 0 to infinity (AUC 0-∞ ) for nemonoxacin by 80.5%, the maximum concentration (C max ) by 77.8%, and urine recovery (Ae) by 76.3%. Administration of nemonoxacin 4 h after the antacid decreased the AUC 0-∞ for nemonoxacin by 58.0%, C max by 52.7%, and Ae by 57.7%. Administration of nemonoxacin 2 h before the antacid did not affect the absorption of nemonoxacin. Administration of nemonoxacin concomitantly with ferrous sulfate markedly decreased AUC 0-∞ by 63.7%, C max by 57.0%, and Ae by 59.7%, while concomitant administration of nemonoxacin with calcium carbonate mildly decreased AUC 0-∞ by 17.8%, C max by 14.3%, and Ae by 18.4%. Conclusion: Metal ions, Al 3+ , Mg 2+ , and Fe 2+ markedly decreased the absorption of nemonoxacin in healthy Chinese males, whereas Ca 2+ had much weaker effects. To avoid the effects of Al 3+ and Mg 2+ -containing drugs, nemonoxacin should be administered ≥2 h before them.
Introduction
Nemonoxacin (TG-873870) is a novel non-fluorinated quinolone developed from a series of 8-methoxy non-fluorinated quinolones [1] as a malate salt ( Figure 1 ). It shows a broad spectrum of activity [2, 3] against Gram-positive, Gram-negative, and atypical pathogens. Furthermore, it appears to be more potent than other fluoroquinolones, including ciprofloxacin, levofloxacin, and moxifloxacin [4] . Phase I clinical studies have shown that nemonoxacin is well tolerated up to a maximum dose of 1500 mg after a single oral dose and 1000 mg when adminis-www.chinaphar.com Zhang YF et al Acta Pharmacologica Sinica npg as effective and safe as once daily administration of 500 mg levofloxacin for the treatment of community-acquired pneumonia [8] . Nemonoxacin also achieved high clinical and bacteriological success rates compared with levofloxacin in patients with community-acquired pneumonia [8] .
Nemonoxacin is completely absorbed after oral administration, with an oral bioavailability of approximately 100% in humans ((X Wu and J Zhang, unpublished data). No major or minor metabolites of nemonoxacin were found in in vitro or in vivo studies, while 50%-70% of nemonoxacin was detected unchanged in urine after an oral dose in humans [6, 7] . In vitro studies showed that nemonoxacin did not induce or inhibit human hepatic CYP3A4 activity (CY Tsai and CP Chow, unpublished data), which suggests there is a low risk of metabolism-related drug-drug interactions. However, it is well known that drugs containing metal ions decrease the absorption of many quinolones. For example, calcium carbonate or ferrous sulfate affected ciprofloxacin absorption [9, 10] , ferrous sulfate affected levofloxacin and moxifloxacin absorption [11, 12] , and Mg 2+ -or Al 3+ -containing antacids affected the absorption of most fluoroquinolones [13] [14] [15] . This interaction is mainly due to chelation and the formation of a complex between the 3-carboxyl-and 4-oxo-substituents of quinolones and the metal ions [16] . Here, we performed two studies to determine the effects of an Al 3+ -and Mg
2+
-containing antacid, ferrous sulfate, and calcium carbonate on the absorption of nemonoxacin in healthy volunteers.
Materials and methods

Study drugs
Nemonoxacin Malate Capsules, 500 mg of nemonoxacin per capsule, were provided by TaiGen Biotechnology Co Ltd (Taipei, Taiwan, China). Alumina, Magnesia and Dimethicone Chewable Tablets, 153 mg of aluminum hydroxide, 200 mg of magnesium hydroxide, and 18.9 mg of dimethicone per tablet, were manufactured by Yung Shin Pharm Ind (Kunshan) Co, Ltd (Kunshan, China). Ferrous Sulfate Tablets, 300 mg of ferrous sulfate per tablet, were manufactured by Ji'nan Yongning Pharmaceutical Co, Ltd (Ji-nan, China), and Calcium Carbonate Tablets, 750 mg of calcium carbonate per tablet, were manufactured by Biochemical Pharmaceutical Factory of Zhuhai SEZ (Zhuhai, China).
Volunteers
A total of 25 healthy male Chinese volunteers were enrolled in the studies, with 12 volunteers in Study 1 and 13 volunteers in Study 2. In Study 1, all 12 volunteers completed the study and were included in the pharmacokinetic (PK) analysis. Their mean age was 22.3 years (range 19-29 years) and the mean body weight was 62.8 kg (range 58-67 kg). In Study 2, one volunteer withdrew for personal reasons after the collection of the blood sample 4 h post-dose in period 1, and a replacement volunteer was enrolled. Therefore, 12 volunteers completed the study and were included in the PK analysis. Their mean age was 23.0 years (range 21-24 years) and their mean body weight was 67.6 kg (range 63-73 kg). The volunteers were in good health in terms of their medical history, physical examination, electrocardiography, and routine clinical laboratory tests. None of the subjects used any drugs for ≥2 weeks before the study and alcohol was forbidden from 72 h before administration of the study drugs. All volunteers provided written informed consent before enrollment.
Study design
The clinical studies were conducted at the First Hospital Affiliated to Lanzhou University (Lanzhou, China). All protocols were approved by the hospital's Independent Ethics Committee. (Treatment G) . In both studies, nemonoxacin was orally administered to subjects after fasted for ≥10 h. Fasting was continued for ≥3 h after administering nemonoxacin. A snack was provided at 3 h and standard meals were provided at 5 and 10 h after administering nemonoxacin.
Safety evaluation
All of the volunteers who participated in either study were included in the safety analysis. Safety was evaluated based on assessments of physical examinations, vital signs (blood pressure, pulse, respiratory rate, and body temperature), 12-lead electrocardiography (ECG), laboratory tests (clinical chemistry, hematology, urinalysis, and serology), and adverse events (AEs). Vital signs and 12-lead ECGs were assessed before administration and at 2, 4, 24, 48, and 72 h after the administration of nemonoxacin. Clinical chemistry, hematology, and urinalysis were conducted 1 d before dosing and at 24 h after dosing. Additional laboratory tests were performed at 72 h after dosing if abnormal, clinical significant values were obtained at 24 h. AEs were recorded throughout the study period and at follow-up. 
Measurement of plasma and urine nemonoxacin concentrations
The concentrations of nemonoxacin in plasma and urine were determined using validated liquid chromatography-tandem mass spectrometry (LC/MS/MS) assay methods. Both plasma and urine samples were pre-treated with acetonitrile before LC/MS/MS analysis. Chromatography was performed on an Ecilipse Plus C 18 column (particle size 3.5 μm, 100×4.6 mm; Agilent, Wilmington, DE, USA) using a mobile phase of 1% formic acid in 5 mmol/L ammonium acetate-acetonitrile (70:30, v/v) at a flow rate of 0.70 mL/min. The column temperature was 40 °C. An API 4000 triple quadrupole mass spectrometer equipped with a TurboIonSpray source (Applied Biosystems, Concord, Ontario, Canada) was used for mass analysis and detection. Quantification was performed using multiple reaction monitoring of the transitions m/z 372→m/z 311 for nemonoxacin and m/z 402→m/z 364 for moxifloxacin, which was used an the internal standard. The nemonoxacin response was linear (r>0.998) over the concentration range of 0.005-5.00 mg/L in plasma and 0.2-200 mg/L in urine. The intra-and inter-batch precision values were <4.3% and 6.1%, respectively, for plasma and were <5.5% and 7.1%, respectively, for urine. The accuracy ranged from 96.4% to 102.1% of the nominal value for plasma and from 96.1% to 98.9% of the nominal value for urine.
PK analysis
The PK parameters were calculated using standard noncompartmental methods. The maximum concentration (C max ) and the time to reach C max (T max ) were directly taken from the plasma concentration-time curves. The elimination rate constant (λ z ) was calculated by liner regression of the terminal linear portion of the ln-concentration-time curve, and the apparent elimination half-life (T 1/2 ) was calculated as 0.693/ λ z . The area under the plasma concentration-time curve (AUC) from time 0 to the last time point (AUC 0-t ) was calculated using the linear trapezoidal method. The AUC from 0 to infinity (AUC 0-∞ ) was calculated as AUC 0-t +C t /λ z , where C t is the last measurable concentration. Oral clearance (CL/F) was calculated as the nemonoxacin dose/AUC 0-∞ , and the terminal volume of distribution without correction for bioavailability (V z /F) was calculated as oral clearance/λ z . Renal clearance (CL r ) was determined based on the cumulative amount of nemonoxacin excreted in urine divided by the AUC for the collection interval. The percentage of the administered dose recovered in urine (Ae) was also determined. Phoenix WinNonlin software version 6.1 (Pharsight, Mountain View, CA, USA) was used for all PK analysis.
Statistical analysis
In both studies, the AUCs and C max were natural logarithm (ln)-transformed and compared by analysis of variance (ANOVA) with the following factors: treatment sequence, volunteer-nested with treatment sequence, period, and treatment.
The point estimates and associated 90% confidence intervals (CIs) for the difference between each treatment (Study 1: B-A, C-A, D-A; Study 2: F-E, G-E) were determined using the residual variances taken from the model. The point estimate and CIs on the log scale were then back-transformed to give point estimates and CIs for the ratios (Study 1, B:A, C:A, D:A; Study 2, F:E, G:E). In all analyses, P values of <0.05 were considered statistically significant.
Results
Effects of the Al 3+ -and Mg 2+ -containing antacid on nemonoxacin PK Figure 2 shows the plasma concentration-time curves after administration of a single dose of 500 mg nemonoxacin either alone or at various times relative to Al 3+ -and Mg 2+ -containing antacid. The calculated parameters are summarized in Table  1 , and the statistical results are presented in Table 2 .
After a single oral dose of 500 mg nemonoxacin, the mean C max was 5.54 mg/L, which occurred at 1 h. The mean AUC 0-∞ was 40.7 mg·h·L -1 and Ae was 65.3% of the administered dose. Administration of nemonoxacin concomitantly with the Al 3+ -and Mg 2+ -containing antacid significantly reduced the absorption of nemonoxacin because C max decreased by 77.8%, -containing antacid because, in this treatment, the AUC for nemonoxacin decreased by >80% in seven volunteers but did not change or the change was very small in the other five volunteers, as compared with nemonoxacin administered alone (Figure 3) .
Effects of ferrous sulfate and calcium carbonate on nemonoxacin PK Figure 4 shows the plasma concentration-time curves for 
Safety
The AE profile did not differ between volunteers who received nemonoxacin only or those who received nemonoxacin and metal-ion-containing drugs (Table 3 and 4) . The most common reported AEs were blood uric acid increased and WBC count increased. For Study 1, a total of 13 AEs were reported by 7 volunteers. Two episodes of creatine phosphokinase increased (1 following administration of nemonoxacin only, 1 following administration of nemonoxacin 2 h before antacid) reported by the same subject were considered possibly related to the study drug. For Study 2, a total of 17 AEs were reported by 6 volunteers. Six episodes of blood uric acid increased reported by 3 volunteers (2 following administration of nemonoxacin only, 1 following administration of nemonoxacin with ferrous sulfate, and 1 following administration of nemonoxacin with calcium carbonate) and 1 episode of ALT increased reported by 1 volunteer following administration of nemonoxacin only were considered possibly related to study drug. One volunteer experienced bacterial arthritis 13 d after nemonoxacin administration, and underwent open drainage of the knee joint and anti-rheumatic therapy. This event was classified as a serious AE, but was considered not related to the study drug. Except for this event, most AEs in both studies were classified as mild to moderate in severity, and recovered without treatment. There were no clinically important changes in vital signs nor were there any ECG abnormalities. None of the volunteers withdrew from the study because of an AE. Therefore, nemonoxacin was tolerated well when administered alone or in combination with drugs containing metal ions. 
Discussion
The chelation of polyvalent metal ions by quinolones is a wellknown interaction, and may result in lower plasma concentrations of quinolones, and could lead to therapeutic failure [17] . The extent of this interaction varies between quinolones and metal ions. Al 3+ was reported to have the greatest chelation potential, and aluminum hydroxide markedly reduced the absorption of norfloxacin by 97.3%, ciprofloxacin by 85%, enoxacin by 84%, and ofloxacin by 53%, respectively [9, 14] . The relative bioavailability of gatifloxacin was decreased by 64% when it was concomitantly administered with Maalox, a formulation of aluminum hydroxide and magnesium hydroxide [13] . In Study 1, we used Alumina, Magnesia and Dimethicone Chewable Tablets, which contained similar amounts of Al 3+ and Mg 2+ to Maalox, a drug that is not available in China. Like the quinolone antibiotics mentioned above, the absorption of nemonoxacin was significantly decreased when it was concomitantly administered with the metal ions Al 3+ and Mg 2+ . Fortunately, this interaction was absent when it was administered 2 h before the Al 3+ -and Mg 2+ -containing antacid. This lack of effect may be due to the relatively rapid absorption of nemonoxacin (T max =1 h), which ensures that its absorption was complete before the antacid was administered. However, it is less clear why administration of the Al 3+ -and Mg 2+ -containing antacid 4 h before nemonoxacin significantly reduced nemonoxacin exposure but was accompanied by very large inter-individual variability. Of note, the absorption of nemonoxacin was hardly affected in five volunteers, but was decreased by >80% in seven volunteers. There were no protocol violations or important deviations during the study, and no procedural errors were found in a retrospective analysis. Considering that the principle mechanism for the interaction involves chelation of metal ions by quinolones, the persistence of these metal ions in the gastrointestinal tract appears to be a decisive factor when they are administered before the quinolone. The main ingredient of the antacid used in this study was dried aluminum hydroxide, which neutralizes gastric acid and protects the gastrointestinal mucosa. Its pharmacologic properties are dependent on the gastric emptying time. In our study, to ensure that nemonoxacin was administered to each volunteer at the same time (approximately 07:00 h), the antacid was administered at approximately 03:00 h in treatment B, after which the volunteers stayed in bed until 06:30 h. It is possible that the physiological condition (ie awake or asleep) during this period might affect gastric emptying time [18, 19] , and hence retain the metal ions in the stomach for longer. This mechanism might explain the variability in the effects of administering the antacid 4 h before nemonoxacin. Based on The effects of ferrous sulfate and calcium carbonate on the absorption of nemonoxacin were evaluated in Study 2. Compared with the Al 3+ -and Mg 2+ -containing antacid, ferrous sulfate caused a less reduction in the absorption of nemonoxacin because C max and AUC 0-∞ decreased by 57.0% and 63.7%, respectively. By contrast, calcium carbonate had much weaker effects because C max and AUC 0-∞ decreased by 14.3% and 17.8%, respectively, and these decreases may not be clinically meaningful. It has been reported that for many quinolone drugs, the effects of metal ions are reduced markedly by their administration 2 h after quinolones intake [12, 13, 20] . In Study 1, the decreases in AUC 0-∞ and Ae of nemonoxacin were less than 10%, when Al 3+ -and Mg 2+ -containing antacid was administered 2 h after nemonoxacin. Although we did not examine the time-dependent effects of ferrous sulfate, based on the mechanism of interaction, the results in Study 1, and the reports mentioned above, the influence of ferrous sulfate might not be larger than Al 3+ -and Mg 2+ -containing antacid when it was administered 2 h after nemonoxacin. There was no change in parameters T 1/2 and CL r of nemonoxacin when administered with Al 3+ -and Mg 2+ -containing antacid, ferrous sulfate or calcium carbonate, which indicates that these metal ions have no influences on the elimination of nemonoxacin.
In conclusion, the results of the present studies indicate that Al 3+ , Mg 2+ , and Fe 2+ significantly decreased the absorption of nemonoxacin when they were co-administered with nemonoxacin. To avoid the effects of Al 3+ and Mg 2+ containing drugs, nemonoxacin should be administered ≥2 h before them. Ca 2+ had much weaker effects on the absorption of nemonoxacin that may not be clinically meaningful.
